Cold Dark Matter (CDM) theory, a pillar of modern cosmology and astrophysics, predicts the existence of a large number of starless dark matter halos surrounding the Milky Way (MW). However, clear observational evidence of these "dark" substructures remains elusive. Here, we present a detection method based on the small, but detectable, velocity changes that an orbiting substructure imposes on the stars in the MW disk. Using high-resolution numerical simulations we estimate that the new space telescope Gaia should detect the kinematic signatures of a few starless substructures provided the CDM paradigm holds. Such a measurement will provide unprecedented constraints on the primordial matter power spectrum at low-mass scales and offer a new handle onto the particle physics properties of dark matter.
INTRODUCTION
Low-mass dark matter halos ( 10 9 M ) are hard to detect because they are devoid of gas and stars as a result of the increase in the thermal Jeans mass following re-ionization (Barkana & Loeb 1999; Okamoto, Gao & Theuns 2008) . Proposed methods to detect such substructures around the Milky Way (MW) rely on gamma-ray emission from the annihilation of dark matter (Diemand, Kuhlen & Madau 2007) , or on the gravitational scattering of stars in the tidal streams of satellite galaxies (Ibata et al. 2002; Johnston, Spergel & Haydn 2002; Siegal-Gaskins & Valluri 2008) .
The unknown nature of dark matter and its annihilation channels, as well as the large background of gamma-rays from more conventional astrophysical sources, poses major challenges for the former approach (Zechlin & Horns 2012) . In contrast, the low signal-to-noise ratio of the available observational data and the low number of suitable streams limit the use of tidal streams to detect substructures (Carlberg & Grillmair 2013) . So far, neither approach has produced definite evidence in favor of truly starless dark matter halos orbiting the MW.
We propose to detect such substructures based on their gravitational pull on stars of the MW disk. The main idea is straightforward. An object that passes with relative speed V at distance ∆x through the stellar disk induces a localized velocity change in the disk of about (Appendix A) Hubble 
Here G is the Newton constant, f is a factor of order unity that depends on the orbit of the perturber, and M is a characteristic mass of the passing object. For a point-like perturber, M is the total mass. For an object with an extended but steeply radially declining density profile, M is approximately the mass within ∆x.
Velocity changes caused by passing low-mass substructures are thus smaller than the velocity dispersion of the stars in the disk (∼ 25 km s −1 in the solar neighborhood, e.g., Rix & Bovy 2013) . However, as stars in the same vicinity experience approximately the same force, the kinematic signature of the substructure could in principle be recovered by spatially averaging a sufficiently large sample of disk star velocities.
Identifying the passages of starless, gravitating objects will provide unique evidence for the existence of dark matter that is clustered on small scales. Furthermore, the number density of dark matter halos encodes invaluable information about the primordial power spectrum, the physics of the early universe, and the nature of dark matter (Moore et al. 1999; Bullock, Kravtsov & Weinberg 2000; Kuhlen, Vogelsberger & Angulo 2012) . For instance, in Warm Dark Matter models, a competitor of the Cold Dark Matter (CDM) paradigm, structure formation is suppressed below the free-streaming scale of the dark matter particle, resulting in a deficit component total No. of particles particle mass softening M pc MW disk 8 × 10 6 4.6 × 10 3 20 MW bulge 2 × 10 6 5.1 × 10 3 20 MW halo 2 × 10 7 5.1 × 10 4 50 substructure 1.2 × 10 5 1.0 × 10 4 50 Table 1 . Resolution of the numerical simulations. In the N-body modeling approach each model component (column 1) is represented by a certain number of discrete particles (column 2) of a given mass (column 3). Column 4 shows the gravitational softening used by the N-body solver for each component.
in substructure with masses below ∼ 10 9 M (Zentner & Bullock 2003) .
In this paper we investigate the feasibility of the proposed detection method using high resolution numerical simulations and mock stellar catalogs. We introduce the numerical set-up in section 2. In section 3 we analyze the kinematic signature that the passing substructure imparts on the stellar disk. We estimate the rate of substructure collisions with the MW in section 4. We discuss the implementation of the proposed method with a Gaia-based survey in section 5. We summarize our findings and conclude in section 6.
NUMERICAL SET-UP
Our numerical set-up consists of models of (i) a dynamically stable, dissipationless galaxy with properties similar to the MW (Widrow, Pym & Dubinski 2008) and (ii) a dark matter substructure with virial mass 1.1 × 10 9 M , scale radius 1.3 kpc, mass within the scale radius of 1.1 × 10 8 M , and virial circular velocity 15 km s −1 , see Appendix B. The mass (∼ 10 4 M ) and force resolution (∼ 20 − 50 pc) of our numerical set-up are adequate to follow accurately the dynamical evolution of the coupled MW -substructure system. We summarize the resolution of the simulations in Table 1 .
In this work we study three representative cases of a substructure -MW interaction (vertical, prograde, and retrograde) that differ in the inclination (90
• , 20
• , and 160
• ) between the plane of the MW disk and the plane of the orbiting substructure. The prograde and retrograde orbits allow us to explore the impact of an orbiting substructure that co-rotates or counter-rotates with the majority of the stars in the MW disk. The chosen initial position and velocity of the substructure put it on a collision course with the stellar disk of the MW. The impact occurs about 8 kpc from the center of the galaxy, see Fig. 1 . We describe the set-up of the MW -substructure merger in Appendix B.
We run our numerical simulations with PKDGRAV (Stadel 2001) , the gravity solver of the TreeSPH code GASOLINE (Wadsley, Stadel & Quinn 2004) . We adopt conservative values for the gravity opening angle (0.55) and the time stepping factor (η = 0.15) in order to ensure an accurate integration of the equations of motions of the stellar and dark matter particles in our models.
We evolve the N-body realizations of the MW and the substructure in isolation for 500 Myrs to minimize non-equilibrium transients caused by the initial conditions. The structural and kinematical properties of our N-body model do not show significant evolution during this equilibration period indicating that the initial setup is indeed close to a self-consistent steady state. We subsequently integrate numerically the dynamical evolution of the combined MW -substructure system. Our simulations span about 380 Myr of evolution, including about 200 Myr after the substructure passes through the MW disk.
THE KINEMATIC SIGNATURE OF A PASSING LOW MASS SUBSTRUCTURE
We focus first upon the case of the substructure passing vertically through the disk. We show in Fig. 2 the effect of the substructure on the vertical motion vz of the stellar disk. Specifically, we show the change in vz after subtracting, particle by particle, the velocities from an otherwise identical reference simulation that does not include a substructure. As the substructure descends toward the disk, it gravitationally attracts part of the stellar disk below it, resulting in an upward motion (Fig. 2B,C) . Because the stellar disk rotates, the substructure exerts in general a downward force on a different part of the stellar disk after passing through the disk (Fig. 2D,E) . The result is that for a timescale of about 150 Myr the stellar disk either shows a well localized maximum of vz, a minimum of vz, or even both at the same time. The position of the velocity maximum (minimum) roughly tracks the projected position of the substructure when it is above (below) the disk. The velocity changes caused by the substructure are of the order of ∼ 1 km s −1 . In order to compare this finding with the prediction of Equation (1) we need to determine the characteristic mass of the perturbing dark matter substructure and an appropriate value for ∆x.
The substructure has a dark matter density profile of the form ρ(r) ∝ r −1 (rs + r) −2 (Navarro, Frenk & White 1996) . The enclosed mass M within a given radius r increases linearly with r for r ∼ rs and logarithmically with r for r rs. Hence, M/∆x, and thus max ∆v * , is approximately constant for disk stars at distance ∆x ∼ rs, but decreases with increasing distance for ∆x rs. Tidal truncation of the substructure orbiting in the MW potential well further exacerbates the decrease of M/∆x at large distances. Hence, the scale radius (here ∼ 1.3 kpc) and the mass within the scale radius (here ∼ 1.1 × 10 8 M ) of the passing substructure should be reasonable proxies for ∆x and M , respectively.
Indeed, according to Fig. 2 the spatial extent of the velocity peak (∼ 2 kpc radius) is of the same order as the scale radius (∼ 1.3 kpc) of the substructure. Replacing ∆x and M in Equation (1) with the scale radius and mass within the scale radius results in the prediction max ∆v * ∼ 0.93 f km s −1 . This estimate is already of the correct order of magnitude. An even more accurate prediction is obtained by identifying M in Equation (1) with twice the mass within the scale radius of the substructure.
The kinematic signature of a MW -substructure interaction can be extracted without resorting to a reference simulation by spatially binning the data. Fig. 3 shows the average vertical velocity, vz , of disk stars in bins of 200×200 pc 2 . In our simulations, bins at 8 kpc from the galactic center contain about 400 stellar particles. Consequently, the dispersion of vz is lower than the dispersion of vz by a factor √ 400 = 20. As Fig. 3 shows, the kinematic signature of the passing substructure is visible in the binned vertical velocity. In general, the spatial extent of the kinematic signature sets the upper limit on the bin size, while the required reduction of the velocity dispersion determines the lower limit. Fig. 3 shows also the results for a prograde and a retrograde orbit of the substructure. Compared with the vertical orbit, both the prograde and the retrograde orbit enhance the strength of the kinematic signature of the MW -substructure interaction. This is a consequence of the reduced vertical velocity of the substructure for an inclined orbit. The increase of the kinematic signature is particularly dramatic for a prograde orbit. In this case, the changes in vz caused by the passing substructure are enhanced by more than a factor of 3 to about ±5 km s −1 . In principle, a substructure on a corotating, grazing orbit could lead to even larger velocity changes.
The orbit of the substructure leaves telltale signatures in the spatial distribution of the vertical velocity changes, see Fig. 3C . For a vertical orbit the kinematic signature is roughly circular in extent (at least until the shearing motion of the stellar disk distorts the shape). In contrast, a substructure on a prograde or retrograde orbit results in an aligned, elongated shape of the vz maximum. Hence, the measurement of high precision positions and velocities of stars across the MW disk may not merely enable the detection of dark matter substructures around the MW, but may also lead to a characterization of their orbital properties. However, additional work is required to sort out the dependencies between orbital properties, mass of the substructure, and its density profile.
In Fig. 4 , we test how the resolution of the spatial binning affects the detectability of the kinematic signal. The kinematic imprint of the substructure is visible even for bins as large as 2 kpc 2 .
Aside from the kinematic imprint, the passage of the substructure also induces density variations that vary, depending on the orbit type, between a few % and about 10%, see Fig. 5 . The strongest density variation occurs for a prograde passage of the substructure, the weakest for a vertical orbit. The disk develops, rather generically, a dipole in density with one side over dense and the other under dense. A substructure on a prograde orbit produces also an extended arm-like density enhancement that follows the orbit of the substructure ( Fig. 5C-E) . Overall, the generic morphology and the large spatial extent of the induced density variations limit their usefulness as a tracer of substructures passing through the disk of the MW.
COLLISION RATE OF SUBSTRUCTURES WITH THE MW DISK
The substructure -disk collision rate scales with the mean velocitȳ v of a substructure, the geometric cross section σg = πR 2 of the disk with radius R, and the density ρ sh of sub-substructures
The scale length of the MW disk is 2-3 kpc and its full spatial extent is about 15-20 kpc (Binney & Tremaine 2008) . We setv to the viral velocity of the galaxy (∼ 200 − 250 km s −1 ). The average number density of substructures can be calculated directly from the Aquarius simulation (Springel et al. 2008) . Plugging in the lower and upper limits for the extent of the galaxy and viral velocity, we find that one to two substructures more massive than 10 9 M cross the disk every 200 Myrs (the dynamical time of the disk). The number of substructures above a given mass scales inverse with the mass (Springel et al. 2008) . Thus, the substructure -disk collision rate is about 10-20 per 200 Myr for substructures more massive than 10 8 M . We note that these estimates are only approximate. The mass of the MW halo and, thus, the expected abundance of dark matter substructures are constrained observationally only to within a factor of a few (e.g., Boylan-Kolchin et al. 2013). In addition, our Figure 5 . Variations in the surface density of the MW disk that result from a low mass substructure that passes through the disk. The panels show maps of the fractional difference between the local surface density and the average surface density at a given galacto-centric radius. Low mass substructures passing through the MW disk induce disturbances of the stellar surface density that range from a few % up to about 10%.
estimates are based on pure dark matter simulations that neglect baryonic processes. Baryons can enhance the collision rate via adiabatic contraction and gravitational focusing. Conversely, the destruction of substructures in previous dynamical interactions with the disk can reduce the interaction rate (D'Onghia et al. 2010) .
DETECTING LOW MASS SUBSTRUCTURES WITH GAIA
The upcoming astrometric mission Gaia will provide positions and motions for over a billion MW stars, observe objects out to 1 Mpc, and at a micro-arcsecond (µas) precision (Perryman et al. 2001) . Gaia is in fact ideally suited to search for the kinematic signatures of starless substructures orbiting the MW as we now demonstrate.
Measuring the mean velocity of disk stars with Gaia
Gaia will be able to measure parallaxes to an accuracy 1 of 20 µas and proper motions to 14 µas yr −1 for stars with an apparent magnitude of 15 in the G-band (which is the main photometric band for Gaia). At a distance of 5 kpc, the above limits correspond to a distance accuracy of about ∼ 500 pc and a velocity accuracy of about 0.33 km s −1 . We estimate that Gaia should observe about 10 5 disk stars per kpc 2 with a parallax error less than 20 µas at a distance of 5 kpc. This surface density is sufficient to detect passing substructures of mass 10 8 M . To arrive at this estimate we use the code Galaxia (Sharma et al. 2011) to create a realistic mock catalog of MW stars. The code returns the absolute magnitude of each star in the V and the I band, the distance to the star, and the extinction due to dust. We convert absolute magnitudes into apparent magnitudes using the known distances and dust extinctions and then use the fitting formulae provided by Jordi et al. (2010) to estimate the parallax error of each star.
The parallax error determines both the position error and the proper motion error for a particular star and thus has a strong impact on the ability of Gaia to detect low mass substructures. The relative distance error δr/r for a star scales proportional to the relative parallax error, while the proper motion error δv scales as δv = 0.7 × (δθ/µas)µas yr −1 (Jordi et al. 2010) . For instance, a star 5 (2.5, 10) kpc away from the sun will have a parallax of 200 (400, 100) µas and measuring its distance to within 10 % accuracy requires δθ 20 µas ( 40 µas, 10 µas).
In Fig. 6 , we show the surface density of stars for which Gaia is able to measure parallaxes to better than a specified parallax error. We expect that Gaia will observe more than 10 5 (10 7 , 10 3 ) disk stars per kpc 2 at a 5 (2.5, 10) kpc distance with a parallax error better than 20 µas.
In the simplest scenario (Poisson noise) the error of the spatially averaged velocityv scales with the observed stellar velocity dispersion σs and with one over the square root of the number of stars N in the given spatial bin, i.e.,
Both the intrinsic stellar velocity dispersion of the stars and the proper motion errors contribute to σs. However, for δθ ∼ 10 − 40 µas the proper motion errors are small and σs is dominated by the intrinsic velocity dispersion (∼ 25 km s −1 for the vertical velocity in the solar neighborhood). Hence, unless additional complications arise (see below) the average velocityv can be measured to better than 0.8 km s −1 accuracy if the spatial bins contain more than 10 3 stars. This accuracy is sufficient to detect any 10 9 M substructure that passes through the MW disk within a 10 kpc distance. In addition, 10 8 M substructures can be detected if they collide with the MW disk on prograde orbits. Furthermore, with 10 5 stars per binv can be constrained to better than 0.08 km s −1 , which is sufficient to detect any 10 8 M substructure (as well as 10 7 M substructures on prograde orbits) within a 5 kpc distance.
Caveats
A variety of complications could potentially diminish the sensitivity of the proposed detection method. First, nearby stars may have correlated velocities, reducing the effective number of independent velocity measurements. However, outside of stellar clusters and associations, this effect should be small and, given the size of the Gaia data set, should not constitute a limiting factor for measuring accurate spatially averaged velocities.
A second and potentially more serious issue is whether Gaia can distinguish ∼ km s −1 velocity disturbances caused by a passing substructure from fluctuations caused by other sources. Focusing on the vertical velocity simplifies matters because spiral arms typically excite velocity variations in the plane of the disk (Binney & Tremaine 2008) . Furthermore, stellar density waves in the vertical direction should die out on reasonably fast time scales (Widrow et al. 2012) . Most importantly, however, the unique morphology of the highly localized vz maxima and/or minima clearly distinguishes the changes that result from a passing substructure from the changes caused by a density wave.
Third, molecular clouds, star clusters, globular clusters, and satellite galaxies may affect the velocities of disk stars. However, these objects are visible, while the telltale sign of low mass dark matter substructure is a perturbation of the disk without a visible counterpart. In addition, the masses of molecular clouds and star clusters are sufficiently small (often less than 10 5 M ) so as not to modify strongly the velocity field in their neighborhood. Globular clusters are also not a concern given their low masses and their spatial distribution that is concentrated toward the galactic center.
SUMMARY AND CONCLUSIONS
We have studied the impact of low mass dark matter substructures as they pass through the disk of the MW with the help of high resolution numerical simulations. Our main findings are as follows
• The passage of a substructure results in distinct, coherent variations in the vertical velocities of disk stars. The morphology of the kinematic signal clearly distinguishes it from other disturbances such as spiral waves. The spatial size of the signature is of the order of the scale radius of the passing substructure. The strength of the kinematic disturbance scales with the mass contained within the scale radius of the substructure.
• For a low mass substructure (Mvir ∼ 10 9 M , M (< rs) ∼ 10 8 M ) the velocity changes are of the order of one to several km s −1 , depending on the orbit of the substructure. A prograde orbit results in the strongest signal, a vertical orbit in the weakest signal. The kinematic signature is coherent on scales of a few kpc.
• If CDM theory is correct, we expect about 2-20 dark matter substructures with masses 10 8 − 10 9 M to collide with the disk of the MW per dynamical time (∼ 200 Myr). Given the long lifetimes (∼ 100 Myr) of the kinematic signature of a substructure passage through the MW disk, we expect potentially several such signatures be present at any given time.
• The Gaia space mission is ideally suited to search for these kinematic signatures given its unprecedented accuracy in distance and velocity measurements, its large spatial coverage and sample size. Data from the Gaia mission should allow to detect starless dark matter substructure with masses ∼ 10 8 − 10 9 M . Whether substructures of even lower masses can be detected in the same way depends on the presently unknown strength and properties of low-level vertical velocity perturbations across the MW disk.
Interestingly, recent observations indicate significant variations of the mean vertical velocity at moderate heights above and below the disk plane (Widrow et al. 2012; Williams et al. 2013; Carlin et al. 2013) . The origin of this kinematic feature is unknown, but it may well be a density wave excited by an external perturber (Widrow et al. 2012; Carlin et al. 2013) . The observed variations are of the order of ∼ 10 km s −1 at a kpc height above/below the stellar disk. They are significantly weaker ( 1 − 2 ∼ km s −1 ), however, at lower altitudes and thus potentially reflect the kinematic imprint of a low mass dark matter substructure passing through the MW disk. A crucial next step in understanding the origin of the kinematic feature will be to map the large scale (>kpc) morphology of the feature and to compare it with theoretical predictions, such as those provided in Fig. 3 .
The detection of individual low-mass substructures orbiting the MW will complement the estimates of cumulative substructure fractions in distant galaxies based on gravitational lensing measurements (Mao & Schneider 1998; Dalal & Kochanek 2002) . In addition, the high precision astrometric data from Gaia will hopefully allow to put constraints on the orbital properties and the mass function of the starless substructures. As such, the proposed experiment will provide the basis for a crucial test of the CDM paradigm, leading potentially to new insights into the nature of dark matter and the physics of galaxy formation in low mass halos. star is v * (t → − ∞) = v * ˆ ey and the initial velocity of the substructure is v h (t → − ∞) = −v hˆ ez. Without the gravitational pull of the substructure the disk star would reach a minimum distance x * ,0 = x * ,0ˆ ex from the galactic center at time t0 = 0. Similarly, without the gravitational pull of the disk star the substructure would have the position x h,0 = x h,0ˆ ex + z h,0ˆ ez at time t0. Given M h M * the motion of the substructure is essentially unaffected by the gravitational interaction with disk star.
If we ignore gravitational forces the relative velocity
between the star and the substructure is a constant and the positions of the star and the substructure at time t are x * (t) = x * ,0ˆ ex + v * tˆ ey and x h (t) = x h,0ˆ ex + (z h,0 − v h t)ˆ ez, respectively. The separation vector between the star and the substructure becomes minimal, i.e.
. This vector of minimal separation, the impact parameter b, is
The distance ∆x0 ≡ x * ,0 −x h,0 can be thought of as the difference between the radius at which the substructure passes through the disk and the radius of the approximately circular orbit of the disk star. The magnitude of the impact parameter is
Large impact parameters b = | b| correspond to small deflection angles. In this limit we can simplify the analysis substantially by treating the substructure as a point mass.
The unbound gravitational interaction between two point masses is covered in standard textbooks (e.g., Binney & Tremaine 2001, Section 3.1(d) ). The problem is typically simplified by studying the relative motion between the two point masses. This approach leads to the analytically solvable problem of a single point particle of reduced mass µ = (M * M h )/(M * + M h ), the reduced particle, orbiting in a fixed potential created by a static particle of mass M * + M h .
The gravitational encounter between the disk star and the substructure changes their relative velocity V = v * − v h by an amount ∆ V . The magnitudes of the components of ∆ V parallel and perpendicular to the initial velocity
, and
−∞ is the impact parameter that leads to a 90
• deflection of the reduced particle. Note that ∆ V ⊥ is antiparallel to b (the star is deflected towards the substructure) and ∆ V is antiparallel to V−∞ (the deflection reduces the velocity component along initial velocity). Therefore,
The change of the velocity of the disk star is ∆ v * = components are affected in a similar way. We find max |∆v * ,z|
Here,
h and φ ∈ 0, π 2 . We plot the velocity factor f (θ, φ) as a function of inclination angle in Fig. A1 . Clearly, the velocity factor is of order unity for many choices of θ and φ. In addition, the figure demonstrates the following:
, the speed of the substructure is smaller than the speed of the star, i.e., v h < v * . In this case the velocity factor decreases monotonically with inclination angle. The velocity factor can become large for θ ≈ 0, i.e., if the substructure has a large velocity component along the motion of the star. In contrast, the velocity factor is reduced if the substructure has a large velocity component opposite to the motion of the star. We note that if φ π 4 the velocity factor never drops below 1/ √ 2.
, the velocity factor is 1/ √ 2 and independent of θ.
, the speed of the substructure is larger than the speed of the star, i.e., v h > v * . In this case the velocity factor is nonmonotonic and drops to zero for cos θ = v * /v h .
These analytic predictions help us to understand why the change of ∆v * ,z in our numerical simulations is strongest for the prograde orbit, weakest for the vertical orbit of the substructure, and of intermediate strength for the retrograde orbit (see Fig. 3 of the paper). In our numerical setup v h ∼ 400 km/s, v * ∼ 220 km/s and, hence, φ = tan −1 (400/220) ≈ 1.07 > π 4
. Furthermore, θ ≈ 20
• for the prograde orbit, θ = 90
• for the vertical orbit, θ ≈ 160
• for the retrograde orbit. Inserting φ and θ into the analytic expression for the velocity factor, we find f ≈ 1.65 for the prograde orbit, f ≈ 0.48 for the vertical orbit, and f ≈ 0.73 for the retrograde orbit. Hence, for these parameters the prograde orbit results indeed in the strongest velocity changes and the vertical orbit results in the weakest changes.
APPENDIX B: DETAILS OF THE SIMULATION SET-UP
Modeling of the MW: We use the tool GalactICS (Kuijken & Dubinski 1995; Widrow & Dubinski 2005; Widrow, Pym & Dubinski 2008) to set up an approximately steady-state model of the MW, consisting of a stellar disk, a stellar bulge, and a dark matter halo. GalactICS simultaneously solves the collisionless Boltzmann equation and the Poisson equation of the total system to obtain close-toequilibrium distribution functions for each of the specified galaxy components. It then samples these distribution functions to construct an N-body model of a galaxy. GalactICS requires various input parameters that determine the geometrical and kinematic properties of the galaxy.
Our MW model uses the parameters of the Q = 1.99 & X = 4.52 model of Widrow, Pym & Dubinski (2008) . Specifically, the stellar disk has mass 3.6×10 10 M , an exponential surface density profile with scale radius 2.84 kpc, and a sech 2 density profile in the vertical direction with scale height 0.43 kpc. The radial velocity dispersion σR at the galactic center is 128.9 km/s. The exponential scale length of σ 2 R is 2.84 kpc, i.e., the same as the scale length of the density of the stellar disk.
The stellar bulge has a density profile that yields the Sersic profile in projection (Prugniel & Simien 1997) with Sersic index n = 1.28, a mass of 1.0 × 10 10 M , a projected half mass radius of 0.556 kpc and a velocity scale, see Widrow, Pym & Dubinski (2008) , of 289.6 km/s. The dark matter halo has a Navarro-FrenkWhite (NFW) profile (Navarro, Frenk & White 1996 of generalized form (Hernquist 1990; Zhao 1996) with a central cusp of γ = 0.977, an outer slope of 3, a scale radius a h = 9.39 kpc and a velocity scale σ h = 366.7 km/s. We smoothly truncate the dark matter density beyond a radius of 200 kpc over a 20 kpc width. The mass of the halo within 200 kpc is 6.15 × 10 11 M . As shown by Widrow, Pym & Dubinski (2008) this galaxy model is in good agreement with observational data, see Dehnen & Binney (1998) ; Tremaine et al. (2002) and references therein. For instance, the model reproduces the inner and outer rotation curves, the Oort constant, the vertical force in the solar neighborhood, the total mass at large radii, and the line-of-sight velocity dispersion of the bulge.
Modeling of the substructure: We construct an N-body model of the orbiting dark matter substructure using a standard procedure widely used in the literature (Hernquist 1993; Springel & White 1999) . The substructure has a conventional NFW profile with concentration c = 17 and a virial mass M h = 1.1 × 10 9 M within the radius R h = 21.4 kpc. The mass within the scale radius R h /c = 1.3 kpc is 1. an overdensity of 200 times the critical density in the present universe. The virial velocity of the substructure is 15 km/s.
Setup of the substructure -MW interaction:
We create the appropriate starting position and velocity of the substructure for the vertical case by running a lower resolution simulation of the inverted problem. Specifically, we chose a coordinate frame in which the MW model is centered on the coordinate origin and the angular momentum of the MW disk points in the z-direction. We then place the center of the substructure on the x-axis at 8 kpc distance from the galactic center. We further give the substructure a velocity in the z-direction of 400 km/s. We evolve this system forward somewhat past the point at which the substructure turns around and falls back towards the disk.We then record the position x and the velocity − v of the density peak of the substructure. Subsequently, we create the initial conditions for the actual substructure -MW simulation by placing the center of the substructure at position x and by assigning the substructure the center-of-mass velocity v. We create initial conditions for the inclined cases by rotating the orbital plane of the substructure around the x-axis. We define the inclination angle θ as the angle between the orbital plane of the substructure and the plane of the disk of the MW. The specific initial positions and velocities of the substructure are provided in Table B1 . We note that for each of the three orbits, the substructure passes through the stellar disk at about 8 kpc from the galactic center with a speed of about 400 km/s.
APPENDIX C: THE ANGULAR AND RADIAL VELOCITY OF STARS IN THE DISK
In Fig. C1 , we plot the mean velocity in the radial direction r. Similar to Fig. 5 we notice a dipole-like structure and a wave, but now in velocity rather than in density. The velocity dipole points in the direction of the substructure, but has opposite polarity for the prograde and retrograde case. Stars move in bulk away from the substructure in the prograde case and stars move toward the substructure in the retrograde case. We note that the density dipole described in the paper is rotated by 90 degrees with respect to the velocity dipole in Fig. C1 . In the retrograde case, one also finds a velocity wave, which tracks the motion of the satellite and the density wave shown in Fig. 5 . In sum, perturbations in the mean motion of vr track the motion of density perturbation more so than the motion of the satellite. Figure C1 . Same as Fig. 3 but for the radial velocity vr instead of the vertical velocity. We use a spatial binning of 500 × 500 pc 2 . Figure C2 . Same as Fig. C1 but for the azimuthal velocity v θ . The mean circular velocity has been subtracted from each particle prior to averaging.
In Fig. C2 , we plot the mean angular velocity v θ . The disk rotates in a clockwise manner. We have subtracted the average rotation velocity of each star prior to binning. In panels A-C in both the prograde and retrograde case and in panels C-E in the vertical case, the bulk motion correlates with the position of the satellite. The substructure squeezes the disk. Stars behind the substructure are pulled forward and stars in front of the substructure are pulled back. In panels A-B of the middle column (vertical orbit) the substructure has yet to perturb the motion of the disk. In panels D-E for the retrograde and prograde case, the initial perturbation persists, but does not immediately track the motion of the disk.
